The extracellular matrix proteins tenascin and fibronectin experience significant mechanical forces in vivo. Both contain a number of tandem repeating homologous fibronectin type III (fnIII) domains, and atomic force microscopy experiments have demonstrated that the mechanical strength of these domains can vary significantly. Previous work has shown that mutations in the core of an fnIII domain from human tenascin (TNfn3) reduce the unfolding force of that domain significantly: The composition of the core is apparently crucial to the mechanical stability of these proteins. Based on these results, we have used rational redesign to increase the mechanical stability of the 10th fnIII domain of human fibronectin, FNfn10, which is directly involved in integrin binding. The hydrophobic core of FNfn10 was replaced with that of the homologous, mechanically stronger TNfn3 domain. Despite the extensive substitution, FNoTNc retains both the three-dimensional structure and the cell adhesion activity of FNfn10. Atomic force microscopy experiments reveal that the unfolding forces of the engineered protein FNoTNc increase by Ϸ20% to match those of TNfn3. Thus, we have specifically designed a protein with increased mechanical stability. Our results demonstrate that core engineering can be used to change the mechanical strength of proteins while retaining functional surface interactions.
F
ibronectin and tenascin are large extracellular matrix (ECM) proteins containing fibronectin type III (fnIII) domains, which regulate differentiation, growth, and migration of cells through adhesive interactions with a number of cell surface integrins (1) . ECM proteins are subject to significant forces in vivo, and it is probable that force-induced conformational changes of these domains are responsible for transmission of important cellular and biological signals (2) . Both tenascin and fibronectin bind integrins through the Arg-Gly-Asp (RGD) binding motif located in a loop connecting the F and G strands in the third fnIII domain of tenascin (TNfn3) and the 10th fnIII domain of fibronectin (FNfn10). In addition, in fibronectin, there is a synergy binding site in the adjacent domain, FNfn9, that binds some integrins cooperatively with the RGD motif (3, 4) . It has been suggested that both integrin binding and specificity may be altered by force-induced structural changes (5, 6) .
TNfn3 and FNfn10 have essentially the same structure (the backbone rmsd between pairs of structurally equivalent residues is 1.2 Å) but low sequence identity (24%), and both have been studied extensively in our laboratories (4, (7) (8) (9) . Although TNfn3 and FNfn10 share a common folding mechanism, they differ in stability, folding kinetics, response to mutation, and backbone and side-chain dynamics (7, 8, 10) . Importantly, they also have very different mechanical properties (11, 12) , which prompted this study.
Atomic force microscopy (AFM) experiments have shown that TNfn3 unfolds at higher forces than FNfn10 (11, 12) . It has been inferred from molecular dynamics simulations that the difference in the response of these domains to force is related to the solvent accessibility of certain critical force-bearing hydrogen bonds that break early in the forced unfolding (13) . However, recent experimental work has suggested that the simulations may overestimate the role that hydrogen-bonding plays in determining the mechanical stability of these domains (S.P.N. and J.C., unpublished data) and that differences in the packing of the hydrophobic core could be critical in determining their response to force: Conservative side chain deletion mutations of hydrophobic residues in the core of TNfn3 significantly decreased the unfolding force (11) . The aim of our present study was to engineer FNfn10 to have an increased mechanical stability.
[Note that ''mechanical stability'' refers to the resistance to an unfolding force; i.e., it is related to the height of the energy barrier and is not related to either thermodynamic stability or to the pathway of unfolding (14, 15) .] We reasoned that it should be possible to increase the mechanical stability of FNfn10 by replacing its hydrophobic core with that of the mechanically more stable TNfn3.
Results and Discussion
Protein Design. The core regions of FNfn10 and TNfn3 were identified on the basis of solvent-accessible surface area. A set of 27 residues in FNfn10 and TNfn3 with Ͻ10% total solventexposed surface area was identified as the hydrophobic core. To exchange the core of FNfn10 with that of TNfn3, 15 residues were swapped (Fig. 1) . The remaining 12 core residues were identical in the two domains. The resulting chimera, FNoTNc, has the ''outside'' (surface and loops) of FNfn10 and the core of TNfn3. The feasibility of this design was tested by incorporating the new side chains into the FNfn10 structure by using the geometry from TNfn3. The resulting structure was free from steric clashes and stable over the course of long (20 ns) molecular dynamics simulations, suggesting that the chimeric protein was compatible with the structure of its parents.
FNoTNc Is Folded and Stable. Despite the extensive core substitutions, FNoTNc was found to be a stable folded protein. It is thermodynamically more stable than TNfn3 (7.5 vs. 6.2 kcal⅐mol Ϫ1 ) but less stable than FNfn10 (9.4 kcal⅐mol Ϫ1 ), as determined by equilibrium denaturation studies.
The structure of FNoTNc was solved by x-ray crystallography to a resolution of 2 Å (Table 1) . It retains the Greek key Ig-like ␤-sandwich topology of FNfn10 and TNfn3. Remarkably, considering the degree of engineering, the backbone alignment of FNfn10 and FNoTNc shows that the two structures are almost identical (Fig. 2a) ; the backbone rmsd is 1.3 Å or 0.95 Å if the C-CЈ and F-G loops are excluded. Both of these loops have been shown to be flexible in FNfn10 in NMR dynamics experiments (7), and the FG loop differs by Ͼ6.0 Å between two crystal structures of FNfn10 (16, 17) . Importantly, FNoTNc retains the core structure of TNfn3; the side chains of the core residues overlay well with those of TNfn3 (Fig. 2b) . The values in parentheses represent the highest-resolution bin. *Signal-to-noise ratio of intensities.
† Rmerge ϭ ͚h͚iI(h, i) Ϫ I(h)/͚h͚iI(h, i), where I(h, i) is the symmetry-related intensity and I(h) is the mean intensity of the reflection with unique index h.
‡ Five percent of reflections were randomly selected for determination of the free R factor, prior to any refinement. § Temperature factors averaged for all atoms. ¶ rmsd values from ideal geometry for bond lengths and restraint angles (43) . ʈ Values were calculated with PROCHECK (44). FNoTNc Is Mechanically Stronger than FNfn10. The response of FNoTNc to force was investigated by using AFM experiments. Polyproteins, each containing eight repeats of either FNoTNc, FNfn10, or TNfn3, were used as AFM substrates. It has been shown previously that TNfn3 unfolds at relatively high forces in an all-or-none fashion without any evidence for unfolding intermediates in the force traces (Fig. 3a) (11) . FNfn10, however, shows two kinds of unfolding events (18) (Fig. 3a) . Some unfolding events (Ϸ50% in our experiments here), characterized by single unfolding peaks, result in full unfolding of the domain. Other events show double unfolding peaks with a second, lower force peak after the first high-force unfolding peak, which has been taken to denote the unfolding of a metastable intermediate (18) . Fig. 3a also shows a representative force-extension profile of FNoTNc. Like TNfn3, the unfolding of FNoTNc under force results only in single unfolding peaks, with no evidence of an unfolding intermediate. Fitting the force-extension data for FNoTNc to the worm-like chain model of polymer elasticity (19, 20) yielded a contour length increment of 29 Ϯ 2 nm, a value expected when a folded domain with 96 aa is fully extended by force. Most importantly, the unfolding forces of FNoTNc are the same (within error) as those of TNfn3 and significantly higher than those of FNfn10 (Fig. 3) at all pulling speeds. Thus, the unfolding force of FNoTNc is Ϸ20% higher than the parent protein FNfn10.
We have specifically designed a protein with increased mechanical stability. This design was based on our previous work suggesting that the mechanical stability of fnIII domains depends primarily on the nature of the hydrophobic core, and not, as has been suggested, by the pattern or solvent accessibility of key hydrogen bonds (13) . The coincidence of the unfolding forces of FNoTNc and TNfn3 supports the hypothesis that hydrophobic core interactions are the dominant contribution to the difference in mechanical strength between FNfn10 and TNfn3.
FNoTNc Retains Integrin Binding Activity. We have shown that FNoTNc retains the parent structure. It also was important to show that FNoTNc retained biological activity. Fibronectin and tenascin bind integrins on cell surfaces, and in both cases the RGD motifs on the F-G loop of FNfn10 and TNfn3 form an integrin binding motif. These RGD motifs bind specifically to integrins on cell surfaces, and it has been shown that migration of cells is mediated by this adhesion and that the average speed of cell motility depends on the strength of integrin binding (21) (22) (23) .
The RGD motif of FNfn10 is key to integrin binding by fibronectin. The RGD motif alone can bind specifically to some integrins (such as ␣v␤3), but binding to others (such as ␣IIb␤3 and ␣5␤1) requires the presence of the synergy site on the adjoining FNfn9 domain (3, 4) . NIH 3T3 fibroblasts use ␣5␤1 integrins to adhere to fibronectin, so we used them to test whether the mutations in FNoTNc altered the cell adhesion activity. We used the cell adhesion fragment FN7-10 (17) and replaced the wild-type FNfn10 with the FNoTNc domain to produce the fragment FN7-10tn. Two negative controls were included in this assay: a ⌬synergy mutant of FN7-10 with the synergy site in FNfn9 mutated (see Methods), and a ⌬RGD mutant of FN7-10 with the RGD motif deleted (4). FN7-10tn showed a high level of adhesion activity that was only slightly reduced from FN7-10. (Fig. 4a) . The ⌬synergy mutant had only Ϸ10% of the adhesion activity of wild type FN7-10, and the ⌬RGD had zero activity (identical to the BSA control). ELISA showed that approximately equal amounts of FN7-10tn and wild-type FN7-10 were attached to the plastic, so the small reduction in the number of adherent cells was not related to the amount of bound protein. The reactivity of a polyclonal antifibronectin antibody to ⌬synergy was somewhat decreased (Fig.  4a) , perhaps because the mutations eliminated epitopes of the polyclonal antibody. The adherent cells in this assay also were characterized by the degree of cell spreading, indicated by a change in cell diameter. Magnified fluorescence micrographs showed that the cells attached on FN7-10tn and FN7-10 spread out to the same degree (Fig. 4b) . In contrast, the cells attached on ⌬synergy remained rounded when attached and thus had a smaller diameter.
The FN7-10tn mutant showed a small (20%) but statistically significant reduction in adhesion relative to wild-type FN7-10. We note that cell adhesion depends critically on the precise geometry relating the domains FNfn9 and FNfn10 (24, 25) as well as the flexibility of the RGD loop. The mutations may have slightly altered either of these structural features. Regardless of this small decrease in adhesion, our main conclusion is that FNoTNc is almost fully active for cell adhesion, meaning that it retains an active RGD motif in FNfn10 and a properly oriented synergy site in FNfn9. The decease in cell adhesion is unlikely to relate to protein unfolding (26, 27) .
Conclusions
In summary, we have shown that it is possible to design ECM proteins that have increased mechanical strength while retaining three-dimensional structure and biological activity. In comparing the mechanical strength of proteins, much interest has focused on hydrogen bonding patterns because different topol- ogies have different intrinsic mechanical strengths. However, these patterns are very difficult to alter by using protein engineering while retaining both the structure and stability of the protein. A recent attempt to engineer immunoglobulin domains by fragment exchange failed to alter the mechanical properties in a predictable manner (28) . Our work suggests that hydrophobic core substitutions may provide a general route for altering mechanical strength within a functional context.
It may be that modulating the mechanical properties of ECM proteins, as we have done here, could be explored as a design principle in tissue engineering to control different cell activities. It has been suggested that the lengthening of ECM proteins, by partial or complete unfolding of some of the repeating domains, might act as a ''shock-absorber'' in the ECM network and allow the regulation of specific mechanical signals (29) . Stress has also been shown to influence integrin adhesion and consequently tissue phenotype (30) .
Methods
Molecular Modeling. Core side-chain mutations were introduced into the structure of FNfn10 by using the internal coordinates obtained from TNfn3 and the structure minimized for 1,000 steps by steepest descent. Molecular dynamics simulations of the minimized structure were run in the EEF1 implicit solvent force-field for 20 ns using CHARMM (31).
Protein Cloning, Expression, and Purification. Fifteen residues were mutated in the FNfn10 plasmid by using a QuikChange mutagenesis kit (Stratagene) to replace the core residues of FNfn10 with those of TNfn3. The sequences of all three proteins, highlighting the residues replaced, are shown in the Fig. 1 . FNoTNc was expressed and purified as described earlier for TNfn3 (32) . For AFM experiments, polyprotein substrates containing eight tandem repeats of TNfn3, FNfn10, or FNoTNc were cloned by using a cassette method, and the substrates were expressed and purified as described (33) . Crystallization. Initial crystallization methods were determined with a Cartesian Technologies (Irvine, CA) PixSys 4200 SynQuad liquid handler using 96-well plates (34) . We sampled 1,440 test conditions. Sitting drops containing 2 l of 20 mg/ml FNoTNc protein in deionized H 2 O were mixed with equal volumes of reservoir buffer. Crystal growth was achieved with a reservoir buffer containing 100 mM sodium acetate (pH 4.5), 200 mM lithium sulfate, and 50% (vol/vol) PEG 400. A crystal was obtained after 7 days of incubation at 17°C. The crystal contained two molecules per asymmetric unit and grew in the space group P2 1 2 1 2 1 (a ϭ 36.703 Å, b ϭ 37.337 Å, c ϭ 137.834 Å, and ␣ ϭ ␤ ϭ ␥ ϭ 90°).
Diffraction Data Collection. The data set was collected at the Medical Research Council Laboratory for Molecular Biology by using a MAR 345 imaging plate detector system (MAR Research, Hamburg, Germany) and mounted on a Rigaku (Tokyo, Japan) RUH3R generator. The data were processed and integrated by using MOSFLM (35) and further processed by using the CCP4 (36) package.
Structure Solution. The structure was solved by molecular replacement using the PHASER (part of the CCP4 package) with the crystal structure of TNfn3 (Protein Data Bank ID code 1TEN) (37) as the model. Refinements, structure calculations, and electron density maps were calculated by CNS (38) . The model refinement was done by MAIN (39) .
Single-Molecule AFM Measurements. All force measurements were acquired by using a Molecular Force Probe-1D (Asylum Research, Santa Barbara, CA) as described previously for TNfn3 polyprotein (11) . Data for each polyprotein were collected at four different pulling speeds on a number of days by using different silicon nitride cantilevers (Thermo Microscopes, Sunnyvale, CA) to compensate for errors in cantilever calibra- tion. The data were selected and analyzed as described previously (40) . Briefly, traces to be analyzed were selected according to a predefined set of criteria (e.g., traces must contain at least three unfolding peaks, peaks must be equidistant, and approach and retract traces must overlay), and the unfolding forces for all unfolding peaks in those traces were determined. The modal unfolding force was determined for each data set, and the average of those modes was determined.
Cell Adhesion Assays. The FNfn10 domain of the FN7-10 expression vector (41) was replaced with the FNoTNc domain for the cell adhesion assay (FN7-10tn) . The R1374A/P1376A/R1379A (⌬synergy) and RGD deletion (⌬RGD) mutants of FN7-10 were used as negative controls (4). The FN7-10 proteins were initially expressed with a His tag, but we found that this tag contributed significantly to cell adhesion. We therefore removed the His tag with thrombin before using the protein for this assay. The cell adhesion assay was performed as described (41, 42) . The wells of a 96-well plate were coated with 5 g/ml of wild-type or mutant protein, and Ϸ1,000 cells were added to each well. After 15-20 min, unattached cells were washed off and the attached cells were counted. To estimate the amount of fibronectin protein attached to the plastic, we performed ELISA with a polyclonal anti-fibronectin antibody.
